Abstract
Introduction
Autism spectrum disorder (ASD) is characterized by social and communication deficits, as well as the presence of restricted and repetitive behaviors (RRBs) [1] . A growing body of evidence suggests a strong genetic component to ASD as hundreds of genes have been associated with ASD risk [2] [3] [4] . These genes include those that cause syndromic disorders in which ASD is frequently diagnosed, together with a constellation of other neurological, psychiatric and medical conditions [5] . One such neurodevelopmental syndrome is Tuberous Sclerosis Complex (TSC), a disorder caused by mutations in either TSC1 or TSC2, in which about half of patients meet the clinical criteria for an ASD diagnosis and most have epilepsy [6] .
Under normal conditions, the TSC1 and TSC2 proteins form a heterodimer that negatively regulates the mTORC1 signaling pathway, a central signaling hub controlling cellular metabolic processes such as protein and lipid synthesis, cell growth, and autophagy [7] . In the case of loss of function of the TSC1/2 complex, the mTORC1 pathway is constitutively active, leading to excessive cell growth and altered cellular metabolism. Dysregulation of mTORC1 signaling is not limited to TSC but may occur commonly in ASD, with up to 15% of ASD cases directly attributable to altered mTORC1 signaling [8] [9] [10] .
While epilepsy in TSC likely arises from altered excitability in forebrain circuits, the brain regions and cell types important for ASD-related behaviors in individuals with TSC are less well understood. We hypothesized that alterations in striatal circuits, which mediate motor learning, action selection and habit formation, might contribute to the RRBs observed in TSC patients with ASD [11] . Indeed, striatal dysfunction has been implicated in non-syndromic forms of ASD by structural and functional MRI studies [12] [13] [14] . Further, in a study of TSC children with and without ASD, striatal metabolism was found to be different specifically in those children with ASD [15] . Notably, this altered striatal activity was correlated with the presence of RRBs in the TSC children with ASD [15] .
Mouse studies support these findings, showing that mutations in ASD-risk genes endow the striatum with an enhanced ability to acquire motor routines, a proposed explanation for the generation of RRBs [11, [16] [17] [18] [19] . Functionally, changes in striatal synaptic properties have been reported in multiple ASD mouse models, suggesting that striatal alterations in ASD occur at the level of synapses [11, 17, [20] [21] [22] . Our group has previously shown input-and cell type-specific changes in synaptic transmission in striatal neurons with postnatal loss of Tsc1 [23] . Therefore, the goal of this study was to determine whether these synaptic changes are sufficient to cause RRBs.
Striatal function depends on the coordinated activity of two subpopulations of GABAergic projection neurons: direct pathway spiny projection neurons (dSPNs) and indirect pathway spiny projection neurons (iSPNs) [24] . These two subpopulations are anatomically intermingled in the striatum but are biochemically, morphologically, and physiologically distinct [25] [26] [27] . dSPNs preferentially express D1 dopamine receptors, while iSPNs express D2 dopamine receptors and A2a adenosine receptors. dSPNs and iSPNs are also distinct in their projection targets, diverging as they leave the striatum to innervate the globus pallidus internal segment (GPi) and substantia nigra pars reticulata (SNr), or the globus pallidus external segment (GPe), respectively [27] . At the simplest level, activation of dSPNs increases motor behaviors and action selection while stimulation of iSPNs inhibits movement [28, 29] . Therefore, coordinated activity between dSPNs and iSPNs allows for the selection of appropriate actions to be performed for any given context, while inappropriate actions are suppressed [30, 31] . Cortical and thalamic inputs make the primary glutamatergic synapses onto SPNs, and modification of the strength of this excitatory drive by long-term synaptic plasticity mediates motor learning and habit formation [32] .
To determine how developmental loss of Tsc1 affects striatal synapses and whether this is sufficient to alter motor behaviors, we generated mice in which Tsc1 was selectively deleted from either dSPNs or iSPNs. We find that motor routine learning is enhanced in mice with Tsc1 deletion restricted to dorsal striatal dSPNs, but not iSPNs, which also occurs in mice with global haploinsufficiency of Tsc2. Further, we find that loss of Tsc1 causes a non-cell autonomous enhancement in corticostriatal drive of dSPNs but not iSPNs. Mechanistically, this is associated with a loss of retrograde endocannabinoid-mediated long-term depression (eCB-LTD) at corticostriatal synapses onto dSPNs. Together, these findings demonstrate that increased corticostriatal drive of dSPNs resulting from Tsc1/2 loss is sufficient to enhance the establishment of fixed motor routines.
Materials and Methods

Mouse lines
Animal experiments were performed in accordance with protocols approved by UC Berkeley's Animal Care and Use Committee. Male and female mice were used for all experiments. The ages used are indicated below for each experiment. All mice used for experiments were heterozygous or hemizygous for the Ai9, Drd1-Cre, Adora2a-Cre, or Thy1-ChR2-YFP transgenes to avoid potential physiological or behavioral alterations.
The following mouse lines were used:
Mouse line
Source Reference Sections were mounted onto slides using Vectashield reagent with DAPI (Vector Labs).
Confocal imaging and analysis
To analyze p-S6 levels and soma volume, z-stack images of striatal sections were taken on a confocal microscope (Zeiss LSM 780 AxioExaminer) with a 20x objective using the same acquisition settings for each section. To analyze AAV-FLEX-TRAP (EGFP-L10a) expression, z-stack images of dorsal striatum were taken on a confocal microscope (Olympus FLUOVIEW FV3000) with a 20x objective. For quantification, ROIs were manually defined in ImageJ for all GFP positive cells and used to verify co-localization with the Cre-dependent tdTomato signal. 85-93% of EGFP-L10a positive cells in the dorsal striatum were tdTomato positive.
Dendritic spine imaging and analysis
Neonatal dSPN-Tsc1 KO mice were cryoanesthetized and injected bilaterally with 200 nL AAV9.CAG.Flex.tdTomato.WPRE.bGH (AllenInstitute864), diluted 1:500 to achieve sparse transduction. Injections were targeted to striatum, with coordinates approximately 1.2 mm lateral to midline, 2.0 mm posterior to bregma, and 1.5 mm ventral to the head surface. At age P40-50, mice were perfused and brains were post-fixed with 4% paraformaldehyde, then sectioned at 80 µm. Sections were blocked for 1 hr at RT in BlockAid (Thermo Fisher Scientific) and incubated for 48 hr at 4°C with antibody against RFP (1:1000, Rockland (VWR), catalog #RL600-401-379).
Sections were washed and incubated for 1 h at RT with Alexa Fluor 546 secondary antibody
(1:500, Invitrogen, catalog #A-11035). Sections were mounted onto slides using Vectashield reagent with DAPI (Vector Labs). Z-stack images of individual dendrites were taken on a confocal microscope (Zeiss LSM 880 NLO AxioExaminer) with a 63x objective using Airyscan super-resolution imaging. To quantify spine density, dendrites and spines were reconstructed using the FilamentTracer module in Imaris software (Oxford Instruments). The spine density of each dendrite was calculated using Imaris.
Behavioral analysis
Behavior studies were carried out in the dark phase of the light cycle under red lights (open field) or white lights (rotarod). Mice were habituated to the behavior testing room for at least 30 min prior to testing and covered by a black-out curtain. Mice were given at least one day between different tests. All behavior equipment was cleaned between each trial and mouse with 70% ethanol, and additionally rinsed in diluted soap followed by water at the end of the day. If male and female mice were to be tested on the same day, male mice were run in behavior first then returned to the husbandry room, after which all equipment was thoroughly cleaned prior to bringing in female mice for habituation. All animals to be tested from a given cage were run in each behavior test in the same day. Behavioral tests were performed with young adult male and female mice (6-10 weeks old). The experimenter was blind to genotype throughout the testing and scoring procedures.
Open field
Exploratory behavior in a novel environment and general locomotor activity were assessed by a 
Rotarod
The accelerating rotarod test was used to examine motor learning. Mice were tested on a rotarod apparatus (Ugo Basile: 47650) for 4 consecutive days. Three trials were completed per day with a 5 min break between trials. The rotarod was accelerated from 5-40 revolutions per minute (rpm) over 300 s for trials 1-6 (days 1 and 2), and from 10-80 rpm over 300 s for trials 7-12 (days 3 and 4). On the first testing day, mice were acclimated to the apparatus by being placed on the rotarod rotating at a constant 5 rpm for 60 s and returned to their home cage for 5 minutes prior to starting trial 1. Latency to fall, or to rotate off the top of the rotarod barrel, was measured by the rotarod stop-trigger timer.
Slice preparation for electrophysiology
Mice were perfused transcardially with ice-cold ACSF (pH=7.4) containing (in mM): 127 NaCl, 
Current-clamp
Current clamp recordings were made using a potassium-based internal solution (pH=7. 
Voltage-clamp
Voltage-clamp recordings were made using a cesium-based internal solution (pH=7. and CPP (10 μM), and optogenetic stimulation consisted of a full-field pulse of blue light (470 nm, 0.15 ms) through a 63x objective. To measure AMPA/NMDA ratio, experiments were performed in 50 μM picrotoxin and the membrane was held at different potentials to isolate primarily AMPAR (-80 mV) or compound AMPAR and NMDAR (+40 mV) currents. The current at +40 mV was measured 50 ms after stimulation, by which time the AMPAR-mediated current has fully decayed.
DHPG-LTD
Endocannabinoid-mediated long-term depression (eCB-LTD) was induced in Thy1-ChR2;Drd1-Cre;Ai9;Tsc1 mice by bath application of the group 1 mGluR agonist DHPG (100 μM, Sigma, cat. #D3689) for 10 min, following a 10 min baseline measurement of EPSC amplitude with single full field light pulses (3-15% light intensity, 0.15 ms) delivered every 30 seconds to stimulate corticostriatal terminals. Light intensity was adjusted for each cell to evoke 500-700pA currents during the baseline period. DHPG was subsequently washed off and EPSC amplitude was monitored every 30 sec for an additional 40 min. Picrotoxin (50 μM) was added to the bath during eCB-LTD experiments to isolate excitatory events, and perfusion flow rate was set to 5 mL/min. Cells were held at -50 mV to facilitate opening of L-type calcium channels. CB1R
antagonist AM-251 (10 μM, Fisher, cat. #111710) was added to the bath during a subset of eCB-LTD experiments with dSPN-Tsc1 WT cells to verify that the LTD observed during these experiments was dependent upon CB1R activation. For CB1R agonism experiments, WIN2 (2 μM, EMD Millipore, cat. #5.04344.0001) was applied to the bath throughout the recording.
AAV-Flex-TRAP plasmid and virus construction
The AAV-hSyn-DIO-EGFP-L10a-WPRE-hGH and AAV-Ef1a-DIO-EGFP-L10a-WPRE-hGH plasmids were assembled from pAAV-hSyn-DIO-mCherry (Addgene plasmid #50459) and pAAV-EF1A-DIO-mCherry (Addgene plasmid #50462), which were gifts from Bryan Roth, and an EGFP-L10a construct, which was a gift from Anne Schaefer. AAV5 viruses were prepared by the University of Pennsylvania Vector Core with a titer of 5.97 x 10 12 for AAV5-hSyn-DIO-EGFPL10a-WPRE-hGH and 3.22 x 10 12 for AAV5-Ef1a-DIO-EGFP-L10a-WPRE-hGH. The plasmids encoding these constructs and corresponding maps will be deposited on Addgene.
Intracranial virus injection
Mice were anesthetized with isoflurane and mounted on a stereotaxic frame equipped with ear cups. 800 nl of an AAV serotype 5 Ef1a or hSyn promoter-driven DIO-EGFP-L10a virus (AAV- Translating ribosome affinity purification (TRAP)
Anti-GFP magnetic bead preparation
Each TRAP experiment was performed on 6 samples in parallel, with dSPN-Tsc1-WT and Tsc1-KO mice processed together. For 6 mice, two batches of beads were prepped in parallel in separate tubes. TRAP was performed according to published methods [26, 38] . All steps were 
Brain lysate preparation and immunoprecipitation
Mice were anesthetized, and brains were dissected and blocked to contain mainly striatum.
Bilateral striata from each animal were placed into glass homogenization tubes on ice, and pestles were inserted. Homogenization took place at 4°C (3 strokes at 300 RPM, 12 strokes at 900 RPM, Yamato Lab Stirrer LT400), care was taken to avoid generating bubbles. Lysates were poured into pre-chilled Eppendorf tubes and centrifuged for 10 min at 2,000 x g at 4 °C to precipitate large organelles. Samples were then transferred to a new pre-chilled tube and volumes were measured. 10% NP-40 (1/9 sample volume, ~70-80 μL) was added, then DHPC
(1/9 new sample volume) was added, and samples were incubated on ice for 5 mins. DHPC stock is 200 mg dissolved in 1.38 mL ddH2O. Samples were then centrifuged for 10 min at 16,000 x g at 4 °C to precipitate mitochondria. Antibody-bound beads were resuspended by inversion, and 200 μL of beads were added to 6 separate tubes. Supernatants from samples were then transferred into tubes with beads and incubated on rotators at 4 °C overnight.
Isolation and purification of RNA
Samples were spun down briefly and placed on magnets pre-chilled on ice. Supernatants were collected and transferred to pre-chilled "unbound" tubes. Beads were washed 4x with 0.35 M KCl buffer, with samples sitting on ice for 1 min between washes to reduce background binding.
Beads were resuspended in 350 μL RLT-beta-ME. 100 μL of unbound samples were added separately to 350 μL RLT-beta-ME. Samples (bound and unbound) were then rotated for 10 min at RT. Samples were placed on the magnet and supernatants were removed and added into fresh tubes containing 350 μL of 80% EtOH, mixed, and then all 700 μL of sample + EtOH was added to RNeasy column (pre-chilled). 350 μL of unbound sample was also mixed with 350 μL of EtOH and added to RNeasy column. At this point there were 12 columns, one bound and one unbound sample for each mouse. Samples were centrifuged for 30 sec at 8000 x g at RT. Flowthrough was passed through column twice more to repeat binding. Flow-through was then discarded and 500 μL of RPE buffer was added to each column and spun for 30 sec at 8000 x g. Flow-through was discarded and 500 μL of 80% EtOH was added to the column, spun for 2 min at 8000 x g at RT. Flow-through was discarded, and columns were dried by spinning for 5 mins at full speed with cap open. Dried columns were placed into new collection tubes (not prechilled) and 28 μL RNase-free water was added directly to the column membrane. Columns were incubated for 5 min at RT with caps closed, then spun for 1 min at max speed at RT. RNA concentration and quality was determined by NanoDrop and Bioanalyzer at the UC Berkeley Functional Genomics Laboratory core facility.
Quantitative PCR
Reverse transcription was performed using random hexamer primers and Superscript III reverse transcriptase (Lifetech, 18080051). Real-time PCR was performed in triplicate with 1 uL cDNA using a Biorad CFX384 thermal cycler with TaqMan Universal PCR Master Mix, no AmpErase UNG (Lifetech, 4324018) and TaqMan probes. The following TaqMan probes were used: Grm1 P-values were corrected for multiple comparisons.
Results
Upregulation of mTORC1 and somatic hypertrophy in SPNs with Tsc1 deletion
To test whether striatal-specific disruption of the Tsc1/2 complex is sufficient to drive RRBs, we bred conditional Tsc1 mice (Tsc1 cKO ) with striatal-restricted Drd1-Cre or Adora2a-Cre mice [33, 34 ] to achieve dSPN-or iSPN-specific loss of Tsc1, respectively (Fig. 1a,b) . In addition, we bred in a Cre-dependent tdTomato fluorescent reporter (Ai9) to visualize Creexpressing cells [35] . We used the EY217 Drd1-Cre founder line from GENSAT as it has more striatal-restricted expression than the commonly used EY262 line (Fig. S1a,b) . increase in p-S6 levels in both dSPNs and iSPNs, indicating mTORC1 pathway hyperactivity in both cell types (Fig. 1c-f and h-k). Moderate somatic hypertrophy was also observed in dSPNTsc1 KO and iSPN-Tsc1 KO cells, consistent with the known role of mTORC1 signaling in regulating cell size (Fig. 1g,l) . However, striatal neurons with heterozygous (Het) deletion of Tsc1 did not exhibit increased soma size (Fig. 1g,l) .
Loss of Tsc1 from dSPNs but not iSPNs enhances motor routine learning
To determine whether SPN-specific loss of Tsc1 was sufficient to alter motor behaviors relevant for ASD, we investigated general locomotor activity and self-grooming behavior in the open field. We found no significant differences in the total distance traveled, number of rears, or grooming bouts in dSPN-or iSPN-Tsc1 Het or KO mice compared to controls (Fig. 2a-f ). These results suggest that loss of Tsc1 from a single SPN subtype is not sufficient to alter gross motor behavior or induce spontaneous stereotypies.
The accelerating rotarod task is a striatal-dependent motor learning assay [40] that is altered in multiple mouse models of ASD [16] [17] [18] [19] . In this test, mice learn to run on a rod revolving at increasing speed over four days of training with three trials performed each day (Fig. S2a) . Over the course of training, mice develop a stereotyped motor routine to stay on the apparatus for increasing amounts of time. Control mice improve at the task over training, with an average learning rate of 2-3 rpm/day. We found that dSPN-Tsc1 KO mice had similar initial rotarod performance on trial 1, reflecting normal baseline motor coordination ( Fig. 2g; dSPN- Tsc1-WT mean=19.22 rpm, dSPN-Tsc1-Het mean=19.14 rpm, dSPN-Tsc1-KO mean=20.22 rpm; p=0.9996 (WT vs Het), p=0.9383 (WT vs KO), unpaired t-tests). However, dSPN-Tsc1 KO mice exhibited significantly enhanced motor learning measured as the slope of performance from the first to last trial for each mouse, compared to littermate controls (Fig. 2g,h ).
Interestingly, dSPN-Tsc1 Het animals displayed a mild enhancement of motor learning consistent with a gene dose-dependent effect (Fig. 2g) . Strikingly, we found no change in either initial motor performance or motor learning ability in mice with iSPN-specific loss of Tsc1 (Fig.   2i ,j.
Individuals with TSC usually have a germline heterozygous mutation in either TSC1 or TSC2; however, "second-hit" somatic mutations causing loss of heterozygosity are thought to contribute to the cortical tubers that are a pathological hallmark of the disorder [41] . Additionally, "microtubers" and dysplastic cellular regions in subcortical structures, including the basal ganglia, have been identified in post-mortem TSC brains and proposed to contribute to ASD and cognitive disability in TSC [41] . That said, patients with little to no tuber burden can also be strongly impacted [42] . This has led to the idea that haploinsufficiency may contribute to brain phenotypes in TSC, in particular the behavioral and psychiatric aspects [8, 43] . To determine whether motor learning is altered by partial loss of function of Tsc1/2, we tested mice with a heterozygous germline Tsc2 mutation in the accelerating rotarod. Similar to dSPN-Tsc1 KO mice, Tsc2 Het mice had normal initial motor performance but exhibited a significant increase in motor learning compared to WT littermates that became apparent in the more challenging trials of the test (Fig. S2b,c ). These results demonstrate that 1) haploinsufficiency of Tsc1/2 is sufficient to alter striatal-dependent motor learning and 2) disruption of Tsc1 in dSPNs alone can promote the development of fixed motor routines.
Loss of Tsc1 increases cortical drive of direct pathway striatal neurons
Motor learning relies on corticostriatal transmission, therefore, changes in SPN response to cortical activity could account for enhanced motor routine acquisition in dSPN-Tsc1 KO mice. channelrhodopsin (ChR2-YFP) in a subset of cortical layer V pyramidal cells (Fig. 3a) [36] . To simulate a train of cortical inputs, we applied ten light pulses over the recording site in dorsolateral striatum and recorded responses in SPNs in current-clamp mode in the absence of any blockers (Fig. 3b) . By varying the intensity of cortical stimulation, either subthreshold depolarizations or action potentials (APs) could be elicited in SPNs with a given probability. We quantified the number of APs evoked by this stimulation paradigm as a percent of total stimulation events. The pulse train was repeated at different light intensities to generate an input-output curve of corticostriatal transmission. We found that cortical terminal stimulation significantly increased spike probability across all light intensities in dSPN-Tsc1 KO cells compared to WT (Fig. 3c,d) . Notably, loss of one copy of Tsc1 in dSPNs was sufficient to increase corticostriatal drive (Fig. 3c,d ).
We performed the 10 pulse cortical stimulation experiment in iSPNs and found that WT iSPNs were more readily driven to spike than dSPNs, consistent with their increased intrinsic excitability [23, 25] . Therefore, we reduced the length of the light pulse to avoid saturating the response. Interestingly, the number of APs elicited from iSPNs during cortical stimulation was not different between genotypes at any light intensity (Fig. 3e,f) . These results are highly consistent with the behavioral findings in the rotarod test and demonstrate that deletion of Tsc1 has a selective impact on dSPNs, while iSPNs are remarkably unaffected.
Increased cortico-dSPN excitability results from enhanced synaptic transmission
Enhanced responses in dSPN-Tsc1 KO and Het mice to cortical terminal stimulation could result from increased intrinsic membrane excitability, increased synaptic excitation, or both. Indeed, Tsc1 deletion has diverse effects on intrinsic and synaptic excitability depending on the cell type studied [23, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . To test if changes to intrinsic excitability occur in dSPNTsc1 KO neurons, we injected positive current and measured the number of APs fired as a function of current step amplitude. The input-output curve for dSPN-Tsc1 KO cells was shifted slightly to the right relative to dSPN-Tsc1 WT and Het neurons, indicating a small intrinsic membrane hypoexcitability (Fig. 3g,h ).
Intrinsic hypoexcitability has been observed in other TSC mouse models [44, 46, 48, 52, 53] , and may result from somatic hypertrophy (see Fig. 1 (Fig. 3I,j) . When we measured the ratio of AMPAR currents recorded at -80 mV to NMDAR currents recorded at +40 mV, we found that AMPA:NMDA ratios were not significantly different across genotypes (Fig.   3k,l) , suggesting a global enhancement of excitatory synaptic function rather than a selective change in receptor composition.
To investigate the specific synaptic properties that were altered in dSPN-Tsc1 KO and
Het neurons, we recorded spontaneous miniature excitatory post-synaptic currents (mEPSCs)
at six weeks of age and found increased amplitude and frequency of mEPSCs onto dSPN-Tsc1
KO cells compared to WT (Fig. 4a-c ). An increase in mEPSC frequency but not amplitude was also observed in dSPN-Tsc1 Het cells (Fig. 4a-c) . To determine the developmental timing of these changes, we recorded mEPSCs in dSPN-Tsc1 WT and KO neurons at 2, 3 and 4 weeks of age. We found that the increased mEPSC amplitude and frequency in dSPN-Tsc1 KO neurons compared to WT did not emerge until 4 weeks of age, a time when corticostriatal circuits are maturing and becoming refined [56] (Fig. S3a,b) . Thus, loss of Tsc1 may not affect the initial development of excitatory synapses but could affect their activity-dependent refinement. Consistent with a lack of cortico-iSPN excitability change, no significant changes in mEPSC amplitude or frequency were observed in iSPN-Tsc1 KO or Het cells at 6 weeks of age ( Fig. 4d-f ).
While changes in mEPSC amplitude usually reflect increased post-synaptic AMPAR function, as observed in dSPN-Tsc1 KO and Het cells (see Fig. 3i ,j), increased mEPSC frequency can result from more synaptic contacts or a change in presynaptic release probability.
To measure synapse number, we labeled dSPNs in the dorsal striatum using an AAV expressing Cre-dependent tdTomato. In fixed striatal sections, we imaged and reconstructed individual dSPNs and quantified the density of dendritic spines, which are the sites of corticostriatal synapses onto SPNs [57] . We found that dSPN-Tsc1 KO neurons had equivalent spine density to dSPN-Tsc1 WT cells (Fig. 4g-k) , suggesting that the increased mEPSC frequency was likely due to a change in presynaptic release probability.
Endocannabinoid-mediated long-term depression is impaired in dSPN-Tsc1 KO neurons
One mechanism that could explain enhanced presynaptic corticostriatal transmission onto dSPN-Tsc1 KO neurons is a loss of long-term synaptic depression (LTD), which would render cells unable to depress excitatory inputs. Corticostriatal terminals express CB1 receptors that mediate endocannabinoid-LTD (eCB-LTD), a prominent form of striatal synaptic depression [58, 59] . Upon coincident activation of group 1 metabotropic glutamate receptors (mGluR1/5) and L-type calcium channels, SPNs release the endocannabinoids anandamide (AEA) or 2-arachidonoylglycerol (2-AG), which act as retrograde signals that activate presynaptic CB1Rs to decrease corticostriatal release probability [58] . Historically it has been thought that eCB-LTD occurs in iSPNs and is absent in dSPNs [60] , but recent studies using more selective stimulation of corticostriatal terminals have revealed eCB-LTD in both SPN subtypes [61] .
Notably, since loss of another form of mGluR-dependent LTD expressed in the hippocampus is impaired in multiple TSC mouse models [45, [62] [63] [64] , and selective disruption of 2-AG release from dSPNs causes enhanced excitation and repetitive behaviors [65] , we reasoned that loss of eCB-LTD could occur in dSPNs with Tsc1 deletion.
We induced eCB-LTD in dSPNs with wash-on of the group 1 mGluR agonist DHPG and monitored the amplitude of AMPAR-mediated events in response to optogenetic stimulation of cortical terminals in the dorsolateral striatum. While dSPN-Tsc1 WT neurons showed a longlasting synaptic depression to ~79% of baseline levels, eCB-LTD did not occur in dSPN-Tsc1 KO neurons, which exhibited only a small initial reduction in EPSC amplitude during DHPG application that was not maintained (Fig. 5a ). To ensure that the protocol was inducing eCB-LTD, we performed the DHPG wash-on in the presence of AM-251, a CB1R antagonist, and found that LTD was blocked in control dSPNs (Fig. S4) . Further, these changes cannot be explained by a presynaptic difference in CB1R function, as direct activation of CB1Rs with the CB1R agonist WIN-2 depressed corticostriatal EPSCs to the same extent in Tsc1 deleted and control dSPNs (Fig. 5b ).
To investigate a potential molecular basis for the loss of eCB-LTD in Tsc1 KO dSPNs, we performed translating ribosome affinity purification (TRAP) to assess the translational status of mRNAs encoding key proteins in the eCB-LTD pathway in dSPNs. To do this, we engineered an AAV to express a Cre-dependent GFP-tagged ribosomal protein (EGFP-L10a) and injected this into the dorsal striatum of Drd1-Cre;Ai9 mice that were WT or homozygous floxed for Tsc1 (Fig. 5c,d ). This approach enabled selective expression of EGFP-L10a in dSPNs (Fig. 5e) .
Using EGFP as an affinity tag, we isolated ribosome-bound mRNAs selectively from dSPNs using TRAP [26, 38] . We verified the specificity of this approach using qPCR to quantify the relative levels of Drd1 (D1R) and Drd2 (D2R) mRNA in the TRAP samples compared to the unbound samples, which includes RNA from all striatal cell types. As expected, Drd1 mRNA was significantly enriched in the TRAP samples from both dSPN-Tsc1 WT and dSPN-Tsc1 KO mice compared to the unbound samples (Fig. 5f ). Accordingly, Drd2 mRNA was depleted from the TRAP samples, demonstrating selective isolation of mRNA from dSPNs (Fig. 5g) .
We compared the relative expression levels of mRNAs encoding proteins required for eCB-LTD including the two types of group 1 mGluRs (Grm1 and Grm5), the requisite mGluR scaffold protein Homer 1 (Homer1), and phospholipase C beta (Plcb1), which promotes the formation of diacylglycerol that is subsequently converted to 2-AG by diacylglycerol lipase [58, 66] . We also compared the levels of ribosome-bound Drd1 as a non-eCB-LTD control. We found that dSPN-Tsc1 KO mice had increased amounts of total ribosome-bound mRNA compared to WT (0.0518 +/-0.0077 vs 0.0313 +/-0.0031 ratio of TRAP-isolated mRNA to unbound RNA in dSPN KO vs WT mice, p=0.0138, unpaired t-test), consistent with a global increase in protein synthesis resulting from high mTORC1 activity. However, all four components of the eCB-LTD pathway showed a relative reduction in ribosome-bound mRNA levels in dSPN-Tsc1 KO mice compared to WT mice ( Fig. 5h-k) . Notably, levels of Drd1 were not significantly different between genotypes (Fig. 5l) . The amount of ribosome-bound mRNA is thought to reflect translation efficiency [67] (although some limitations must be considered, see [68] ), therefore these results suggest a relative downregulation in the translation of multiple mRNAs encoding proteins required for eCB-LTD in Tsc1 KO dSPNs. Such decreased expression may be one mechanism responsible for the lack of functional eCB-LTD in Tsc1 KO dSPNs.
Discussion
In this study we tested whether cell type-specific deletion of Tsc1 from striatal neurons was sufficient to induce repetitive motor behaviors related to ASD. We find that in both direct and indirect pathway SPNs, developmental loss of Tsc1 upregulates mTORC1 signaling and increases soma size, consistent with other neuron types [23, [45] [46] [47] [48] [49] . However, we find that mTORC1 activation only in dSPNs, but not iSPNs, enhances motor routine learning in the absence of spontaneous stereotypies or locomotor hyperactivity. Further, we find that increased motor learning in dSPN-Tsc1 KO mice is associated with increased corticostriatal synaptic excitability and a loss of eCB-LTD. Notably, loss of only one copy of Tsc1 is sufficient to increase cortical drive of dSPNs and enhance motor learning. These findings implicate the striatal direct pathway as a possible driver of repetitive behaviors in TSC and identify a potential synaptic mechanism contributing to this behavior.
It has been shown that loss of Tsc1 in either the cerebellum or thalamus is sufficient to cause social behavior deficits and spontaneous RRBs including repetitive self-grooming in TSC mouse models [46, 48] . Given the central role of the striatum in action selection and motor learning [32] , we hypothesized that alterations in striatal circuits might also contribute to RRBs in the context of TSC. We found that dSPN or iSPN-specific Tsc1 deletion was not sufficient to induce spontaneous repetitive behaviors, suggesting that other brain regions may be more important for executing these behaviors. Indeed, the striatum has been shown to be important for the proper sequencing of grooming action patterns but not the initiation of grooming bouts [69] . In line with this, a recent study demonstrated that striatal-specific loss of the ASD-risk gene Shank3 was not sufficient to reproduce the repetitive self-grooming that is observed with global loss of Shank3 but that this could be driven by loss of Shank3 from forebrain excitatory neurons [70] .
Intriguingly, we found that mice with loss of Tsc1 in dorsal dSPNs had enhanced performance on the accelerating rotarod, a motor learning task that relies on SPN activity and corticostriatal transmission [40] . Previous work has shown that striatal mTORC1 signaling is critical for motor learning on the accelerating rotarod, as both pharmacological and genetic intrastriatal inhibition of mTOR signaling impairs rotarod learning [71] . Our results are congruent with these findings and show that the mTORC1-dependence of motor learning is bidirectional, as increasing mTORC1 activity in dSPNs enhances performance. Importantly, the accelerating rotarod task has recently been recognized as commonly affected in mice with mutations in ASDrisk genes, as at least 5 other ASD mouse models have enhanced rotarod performance [16] [17] [18] [19] 72] (although this is not the case for all ASD-risk genes, see [22, 73] ). Notably, an extended accelerating rotarod task may be necessary to reveal motor learning phenotypes, as Tsc1 and Tsc2 heterozygous mice were reported to have no changes in rotarod performance when an abbreviated version of the task was used [74] . While most of the aforementioned ASD mouse models are global gene deletions in which brain regions and circuits outside of the striatum could contribute to the phenotype, two of these studies showed that disrupting ASD-risk genes (Nlgn3 or Chd8) in dSPNs, but not iSPNs, was sufficient to increase rotarod learning.
Interestingly, in these studies, ventral striatal disruption of the gene was responsible for the motor learning improvement. Here, deletion of Tsc1 from SPNs was largely restricted to the dorsal striatum, and our findings are consistent with literature establishing the dorsal striatum's role in motor learning [40] . Further studies will be needed to explore the involvement of ventral striatal circuits in motor learning and elucidate the contribution of specific striatal sub-regions to motor phenotypes in TSC mouse models.
While enhanced motor routine learning may be a shared phenotype across multiple mouse models of ASD, the synaptic and cellular mechanisms driving this phenotype are likely to be distinct depending on the specific gene that is altered. In a prior study, dSPN-Nlgn3 KO mice displayed normal excitatory synaptic transmission and eCB-LTD, but had a deficit in synaptic inhibition [16] . In the global Chd8 +/-model, there was increased spontaneous excitatory transmission onto SPNs; however, the SPN sub-type was not defined. Here we found that dSPN-Tsc1 KO and Het cells had strongly enhanced corticostriatal excitation that was due to increased synaptic, but not intrinsic, excitability. We have previously reported increased presynaptic release probability in dSPNs with postnatal loss of Tsc1 [23] and consistent with this, we found increased mEPSC frequency in the absence of changes to spine density in dSPN-Tsc1 KO neurons. Given that the cortical inputs were wild-type in our model, a potential explanation is a change in retrograde signaling from dSPNs to cortical terminals. Indeed, we found that eCB-LTD was absent in Tsc1 KO dSPNs despite normal presynaptic CB1 receptor function. This suggests that loss of Tsc1 and upregulation of mTORC1 signaling in dSPNs interferes with one or more post-synaptic processes required for this form of plasticity: 1) expression of group 1 mGluRs, 2) signaling downstream of mGluRs, and/or 3) synthesis and release of eCBs. In support of this idea, we found that multiple mRNAs encoding proteins required for eCB-LTD exhibited differential ribosome engagement in dSPN-Tsc1 KO cells compared to WT and were relatively reduced. Together, this suggests that loss of Tsc1 and deregulation of mTORC1 signaling in dSPNs impairs post-synaptic mGluR signaling via altered expression of key components of this pathway.
A chronic impairment of eCB-LTD in Tsc1 KO dSPNs could explain not only the increased mEPSC frequency but potentially the increased amplitude, as these synapses may have a greater capacity to undergo long-term potentiation, leading to increased AMPAR content and synaptic strengthening over time. In this way, the enhancement of excitatory transmission could be a developmental phenotype, such that early-life corticostriatal synaptic pruning doesn't properly occur due to loss of LTD [75] , resulting in corticostriatal hyperactivity. This idea is consistent with our observation that changes in mEPSC properties in dSPN-Tsc1 KO neurons do not arise until four weeks of age and later, after the primary period of postnatal striatal maturation [76] . A causal role for impaired eCB-LTD in increased AMPAR function is also suggested by the finding that direct disruption of endocannabinoid synthesis and release from dSPNs is sufficient to increase their glutamatergic drive [65] . Interestingly, this prior study showed that disruption of 2-AG signaling in dSPNs had behavioral consequences while loss from iSPNs had no measurable effects on behavior [64] , consistent with the lack of behavior changes reported here for iSPN-Tsc1 KO mice. mice (except for Drd1 dSPN KO, n=7 mice).
